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Abstract
Introduction− Magnesium alloys have been known for its bio-
compatible characteristics and tissue restoration properties. On 
the other hand, TiO2 has been found to decrease the corrosion 
rates of the magnesium alloys.
Objective− In this work, the dip-coating technique was used to 
coat the magnesium alloy with TiO2 particles in order to evalu-
ate its corrosion resistance.
Methodology− The particles were analyzed by Scanning Elec-
tron Microscopy (SEM) and visual inspection. Additionally, hy-
drogen evolution tests were performed to understand the effect 
of adding TiO2 in corrosion rates of Mg-alloys.
Results− The results showed the positive effect of TiO2 in 
the improvement of the ASTM B107 AZ31B Mg alloys corro-
sion by an indirect measurement through hydrogen evolution 
tests. The bare ASTM B107 AZ31B showed a corrosion 29 
times faster compared to the coated alloy. The thickness of 
the coatings obtained using the dip-coating method is thin-
ner than 20 nm. 
Conclusions− TiO2 particles were aggregated on the surface 
of the ASTM B107 AZ31B alloy with a controlled speed. SEM 
images have shown the improvement of the coating when the 
H2O concentration in the sol increased. Another important 
parameter is the withdrawal speed during the dip-coat process 
which was found to be better at a speed of 3mm/min. Hydrogen 
evolution in the acid solution showed that coated ASTM B107 
AZ31B has less hydrogen production during the corrosion test. 
The dip-coating technique can also be used to coat polypropyl-
ene discs entirely. 
Keywords− Dip-coating; corrosion, TiO2 particles, Mg alloys, 
hydrogen evolution
Resumen 
Introducción− Las aleaciones de magnesio son conocidas por sus ca-
racterísticas biocompatibles y propiedades de restauración de tejidos; 
por otro lado, se ha encontrado que el TiO2 disminuye las velocidades de 
corrosión de las aleaciones de magnesio.
Objetivo− En este trabajo, la técnica de recubrimiento por inmersión 
se usó para recubrir una aleación de magnesio con partículas de TiO2 y 
evaluar su comportamiento a corrosión.
Metodología− Las partículas se analizaron por microscopía electrónica 
de barrido (SEM) e inspección visual. Además, se realizaron pruebas de 
evolución de hidrógeno para comprender el efecto de la adición de TiO2 
en la velocidad de corrosión de la aleación de Mg.
Resultados− Los resultados mostraron el efecto positivo de TiO2 en la 
mejora de la corrosión de aleaciones de ASTM B107 AZ31B Mg mediante 
una medición indirecta a través de pruebas de evolución de hidrógeno. 
La aleación ASTM B107 AZ31B sin recubrimiento muestra una corro-
sión 29 veces más rápida en comparación con la aleación recubierta. El 
espesor obtenido mediante el método de recubrimiento por inmersión es 
inferior a 20 nm. 
Conclusiones− Las partículas de TiO2 se agregaron en la superficie de 
la aleación ASTM B107 AZ31B con una velocidad controlada. Las imáge-
nes SEM mostraron la mejora del recubrimiento cuando aumenta la con-
centración de H2O en el sol. Otro parámetro importante es la velocidad 
de extracción durante el proceso de recubrimiento por inmersión, que 
resultó ser mejor a una velocidad de 3 mm/min. La evolución del hidró-
geno en la solución mostró que la aleación ASTM B107 AZ31B recubierta 
reportó menos producción de hidrógeno durante la prueba de corrosión. 
La técnica de recubrimiento por inmersión puede realizarse en polipro-
pileno y, finalmente, obtener una superficie completamente recubierta.
Palabras clave− Recubrimientos por inmersión, corrosión, partículas 
de TiO2, aleaciones de Mg, evolución del hidrógeno 
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I. IntroductIon
Several research studies have analyzed the bio-
compatibility of magnesium alloys. Some of these 
have compared them to traditional biomaterials 
such as titanium, Co-Cr-Ni and stainless-steel 
alloys [1], [2]. 
Magnesium alloys have attracted much atten-
tion of biomedical researchers due to its mecha-
nical properties, which are similar to those of the 
bone [3]. Some papers have shown the importance 
of magnesium for bone and tissue restoration be-
cause of osteoblast activation using a chondrocy-
te column fixation necessary for new bone tissue 
formation [4]. In addition, as an absorbable ma-
terial, it could be used to avoid a secondary sur-
gery to remove the implant when a bone fixation 
surgery is performed [5]. Moreover, traumatic 
effects and other related problems such as bone 
deformation and low function recovery rate are 
avoided [6], [7]. Even though, magnesium alloys 
are biocompatible, they present a low corrosion 
resistance hindering the application of these pro-
mising materials. Accordingly, it is necessary to 
find alternative methods and techniques to redu-
ce the corrosion rate for biomedical application 
[7]-[9]Co-Cr-Ni alloy and titanium implants. Till 
date, extensive mechanical, in-vitro and in-vivo 
studies have been done to improve the biomedical 
performance of Mg alloys through alloying, pro-
cessing conditions, surface modification etc. This 
review comprehensively describes the strategies 
for improving the mechanical and degradation 
performance of Mg alloys through properly tai-
loring the composition of alloying elements, re-
inforcements and processing techniques. It also 
highlights the status and progress of research 
in to (i.
Coatings with nanoparticles have been one of 
the most used and attractive methods to impro-
ve corrosion resistance of biomaterials [10], [11]
an anticorrosive and antimicrobial coating was 
prepared on Mg alloy surface by layer-by-layer 
(LbL. Particles not only provide corrosion protec-
tion, but they also provide biocompatibility, and 
they are suitable for different ceramic and poly-
mer coatings for biomedical application [12]-[14]
which enables their use in medical applications 
and accounts for their extensive use as implant 
materials in the last 50 years. Currently, a large 
amount of research is being carried out in order 
to determine the optimal surface topography for 
use in bioapplications, and thus the emphasis is 
on nanotechnology for biomedical applications. It 
was recently shown that titanium implants with 
rough surface topography and free energy increa-
se osteoblast adhesion, maturation and subse-
quent bone formation. Furthermore, the adhesion 
of different cell lines to the surface of titanium im-
plants is influenced by the surface characteristics 
of titanium; namely topography, charge distribu-
tion and chemistry. The present review article fo-
cuses on the specific nanotopography of titanium, 
i.e. titanium dioxide (TiO2. Polypropylene has al-
so been used in a wide range of applications such 
as medical devices, filters, food packaging mate-
rial, and water purification membranes. In those 
applications surface properties are improved by 
coatings [15]-[18]. 
In order to coat a substrate surface, there are 
in the literature several techniques to facilitate 
particle fixation such as, chemical vapor deposi-
tion, dip-coating, spray coating, sputtering, laser 
deposition, among others [19], [20]. 
A method with outstanding results is the dip-
coating technique. In this technique, a coating is 
formed by the immersion and subsequent with-
drawal of a material into a sol containing the 
particles. Even though dip-coating is a low-cost 
method, the quality of the obtained coat is the re-
sult of various processes as particle aggregation, 
adherence and adsorption on the surface and it is 
controlled by some variables, such as: withdrawal 
speed, particle concentration in the sol, surface 
area, surface tension, capillarity, solvent removal 
temperature, among others [21], [22]. From litera-
ture, one of the most determinant variables is the 
withdrawal speed and it has been shown that, the 
lower the velocity (for a controlled solution visco-
sity), the better the results obtained for the coat 
thickness and particle aggregation [23]-[25].
In this work, ASTM B107 AZ31B magnesium 
alloy substrates and polypropylene discs were 
modified with TiO2 particles by the dip-coating 
method. Different withdrawal speeds and water-
ethanol ratio for the sol in the dip-coating process 
were evaluated. Also, the protection against corro-
sion of magnesium was studied using the hydro-
gen evolution method. 
II. Methodology
A. Sample preparation
ASTM B107 AZ31B (from now on AZ31) magne-
sium discs were obtained from a 1” diameter bar. 
The discs (14 mm diameter and 4 mm of thick-
ness) were obtained by using a lathe. Polypropyle-
ne discs were obtained from a 4 mm polypropylene 
sheet by drilling a hole with a 5/8” saw.
All discs were polished using 320, 400, 600 and 
1000 sand paper before applying the coatings. The 
discs were lubricated with ethanol during the 
process and cleaned with a mixture of ethanol 
and glycerin in an ultrasonic bath (Branson 1800 
brand) for 30 minutes. Subsequently, all discs 
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were exposed to a 2.5 M NaOH solution at a 70 °C 
for 15 minutes in order to remove the glycerin 
residuals from the surface. After that, the discs 
were washed with abundant deionized water and 
dried in a Binder incubator. In addition, the discs 
were treated with a 0.1 M solution of HNO3 at 
room temperature for 15 seconds to remove the 
ions and free radicals exposed on the surface. The 
NaOH and HNO3 procedures were performed in-
side an extractor cabin [26]. 
Commercial particles of TiO2 were used (TIO-
NA 595, functionalized with Alumina, Zirconia 
and O-H groups, according to the datasheet) to 
coat the substrates. A starting solution for the dip-
coating process was prepared by mixing 3 g of TiO2 
particles and different ratios of water/ethanol so-
lutions (70/30, 30/70 and 100/0 % vol) with magne-
tic stirring for 2 hours. The dip-coating procedure 
was performed in a Shimadzu AGX100 Universal 
machine in order to control the dip-coating pro-
cess. The coatings were prepared using several 
speeds of withdrawal (1, 3, 10, 125, 300 and 600 
mm/min) during the coating process.
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Figs. 1 (a)-(b). SEM images of TiO2 particles and (c) histogram of particle size distribution.
Source: Authors.
B. Sample characterization
Phase identification and lattice structure of the TIO-
NA 595 were characterized using an X-ray diffrac-
tometer (PANalytical X’Pert PRO MPD) operated 
with Cu Kα radiation (λ = 1,54 Å) that the X-ray 
source generated at 45 keV and 40 mA. The size and 
shape of the particles were observed using a scan-
ning electron microscope JEOL 7100F (FE-SEM). 
All the coatings were characterized using stereo 
microscope (Leica EZ4D), FE-SEM and the chemical 
composition was obtained by an energy dispersive 
analysis (EDS).
Corrosion tests were performed by measuring the 
volume of hydrogen produced as an indirect measu-
rement of the discs’ corrosion according to [27]-[29]. 
Therefore, samples were immersed in a 0.005 M HCl 
solution at pH 2.3 during 8 hours and, during the 
tests, the amount of water displaced by the hydrogen 
produced during the corrosion test was measured. 
The coatings used in this test were obtained using 
the best conditions of withdrawal and the water/al-
cohol ratio previously obtained.
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III. results
Fig. 1 (a-b) show a SEM image obtained from the ti-
tanium dioxide particles. The image reveals that the 
particles have a spherical morphology. Fig. 1c shows 
a histogram representing the particle-size distri-
bution. The particle size analysis was completed by 
analyzing dispersed particles with the SEM and 
using the ImageJ software. A total of 990 particles 
were measured. The D90, D50 and D10 values are 
also shown in the same figure (fig. 1C). The histo-
gram shows that D50 is 244 nm and, since the value 
represents 50 % of particles, it is considered as the 
median diameter. Similarly, D10 and D90 indicate 
that 10 % of particles are below 154 nm and 90 % 
of particles are below 330 nm, respectively. These 
results indicate that the sizes of the particles are in 
the micron range. Fig. 2 shows the X-ray diffraction 
pattern of the particles. The analysis of TiO2 nano-
particles showed rutile-phase TiO2, with characte-
ristic diffraction peaks of 2θ values at 25°, 41°, 49° 
and 54° attributed to the (101), (111), (200) and (211) 
planes, respectively. These results are consistent 
with the literature [30].
Fig. 2. XRD spectra of TiO2 commercial particles.
Source: Authors.
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Fig. 3. AZ31 dip-coating with 595 TiO2 sol solvent concentration test ethanol/water SEM, 
a) 70%/30% ethanol/water, b) 30%/70% ethanol/water, c) 100% water.
Source: Authors.
drawal speed of 3 mm/min and a sol with 70/30 % 
ethanol/water (fig. 3a) shows a poor adherence of the 
particles to the substrate surface with large zones 
showing no formation of the coating. It is visible 
that these spots have parallel lines corresponding 
to the sanded surface and the particle distribution 
is completely random. Some areas have no particles 
on it and some others have a cluster of TiO2 particles 
at the surface. The higher the ethanol concentration 
in the solvent, the lesser the particles interact with 
the surface. Accordingly, the H2O percentage in the 
solvent was increased.
Fig. 3 (a)-(c) show the SEM images of AZ31 surfa-
ce coated with TiO2 particles when the ratio of water 
and ethanol is modified. A first test using a with-
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Sample images obtained by the stereomicros-
cope (Figs. 4 [a-c]) confirmed the results from the 
SEM images. The characteristic light reflection 
of the AZ31 with a poor covering is observed in 
the first case (Fig. 4a). On the other hand, a whi-
te coat, characteristic of the TiO2 particles, and 
a rough surface is observed, hence, proving the 
other two samples (Figs. 4 [b-c]) to be a hetero-
geneous surface. This result can be explained by 
the high capillarity of water against the ethanol. 
From samples obtained with a high-water concen-
tration, a better interaction of TiO2 nanoparti-
cles and the surface in this solvent was observed 
through Van der Waals forces. Accordingly, water 
was selected as the appropriate solvent for the dip-
coating process.
SEM images in Figs. 5(a)-(f) show the AZ31 coa-
ted surface obtained by the dip-coating method with 
several withdrawal speeds of 1, 3, 10, 125, 300 and 
600 mm/min. In all cases, the coating formed on the 
surface was dried at 80 °C for 2 hours. From the 
results, 1 and 3 mm/min withdrawal speeds (Figs. 
5 [a-b]) showed the most homogenous coat with less 
uncoated spots on the surface. On the other hand, 
results obtained when using the 10, 125, and 600 
mm/min procedure (Figs. 5 [c-f]) showed large zo-
nes without particles and a non-complete coating 
is observed; in addition, some agglomerates could 
be observed. Similar results have been previously 
reported in the literature [32]. 
According to the literature, at a lower withdrawal 
speed, the evaporation of the solution is faster, incre-
asing the particles in the upper part of the meniscus 
formed when the substrate is moving upwards, thus, 
favoring layer formation [33], [34]. The use of alcohol 
and water mixtures also alters the evaporation rate 
and the surface tension for the particles suspended 
in the sol, varying the film shape by modifications in 
the capillarity [34]. Therefore, the best coatings were 
obtained using a withdrawal speed of 3 mm / min and 
in a water solution.
Low withdrawal speed favors the interaction bet-
ween the alloy surface and the suspended particles in 
the fluid, but as the speed increases, one of the obsta-
cles is the entrapment of air bubbles, decreasing the 
quality of the coatings. When the coating dries, these 
bubbles become pits with craters.
The SEM images from the surfaces with high 
water content showed TiO2 particles aggregated on 
the surface and the AZ31 surface was not exposed 
(Figs. 1 [b-c]). This result could be related to the hy-
dration layer formed around the commercial TiO2. 
Alumina covering on commercial TiO2 generates a 
hydration layer. That layer generates aggregates 
and affects the flow behavior of the suspensions. 
Moreover, the hydrated clusters alter the effective 
solid content and the viscosity of the suspensions 
[31]. When the viscosity increases, the number of 
particles in the meniscus is also increased, and 
during substrate withdrawal these particles are 
more easily aggregated at the surfaces improving 
the covering. 
1000 μm
c
1000 μm
a
1000 μm
b
Fig. 4. Stereoscopic images of AZ31 dip-coating with 595 TiO2 sol solvent concentration test ethanol/water, 
a) Bare surface, b) 70%/30% water/ethanol sol dip-coating, c) 100% water sol dip-coating.
Source: Authors.
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Fig. 6 shows a SEM image of a transverse section 
of coatings with TiO2 on AZ31 (a). The chemical com-
position of the coating was analyzed by EDS. The 
same figure shows the elemental mapping images of 
O, Ti, Al, and Mg (shown in Fig. 6 [b, c, d, e]). EDS 
analysis confirmed the presence of the characteristic 
elements of titanium dioxide (oxygen and titanium) 
on AZ31 surface. The images show the presence of Al 
both in the substrate material and in the coating with 
titanium dioxide. This is attributed to the elemental 
composition of the AZ31 alloy that has approximately 
3 % wt. of Al, and additionally to the presence of this 
element on the surface of the TiO2 particles, as des-
cribed by the manufacturer. The elements present 
in the AZ31 alloy have a very low weight percentage 
which makes it difficult to detect them by EDS, given 
the detection limits of the technique. 
 
Fig. 5. SEM images of AZ31 dip-coating in H2O 595 TiO2 sol withdrawal speed test with a x2,000 magnification rate, 
a) 1 mm/min, b) 3 mm/min, c) 10 mm/min, d) 125 mm/min, e) 300 mm/min, f) 600 mm/min.
Source: Authors.
Furthermore, thickness of the coating is one of 
the most important parameters during the dip-
coating process. Some authors have reported for 
hydroxyapatite coats that the thinner the coating, 
the better its mechanical properties. Since in so-
me cases the coating is dissolved inside the body, 
by increasing the thickness (≥ 50 μm) the resorp-
tion problem can be solved by providing mechanical 
strength to the system [35], [36]. Fig. 6 shows the 
transverse section of a coating to analyze the thic-
kness of the formed coat. The minimum thickness 
found was 6.1 μm and the maximum 19.6 μm with 
a standard deviation of 4.4 μm and a mean of 9.9 
μm. Even though the thickness is not uniform, the 
coating is enough to withstand aggressive envi-
ronments (pH < 2.3), as evidenced by the hydrogen 
evolution test shown below.
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Corrosion tests were completed by perfor-
ming hydrogen evolution tests. Fig. 7 shows 
the hydrogen evolution of the uncoated AZ31 
sample and an AZ31 coated with TiO2. As seen 
for the bare AZ31, the collected data show an 
increasing hydrogen volume with an exponen-
tial behavior. After 480 min (8h), the amount 
of fluid displaced is higher than 140 mL, while 
the AZ31 coated with the TiO2 particles shows 
a stable behavior with a 0 mL of fluid displa-
cement after 90 min. Afterwards, a minimum 
displacement is obtained after 400 min. Later 
on, the displaced volume increased slightly, 
although it never reached 20 mL. Since the 
amount of hydrogen collected is equal to the 
amount of dissolved magnesium, this result 
showed that the hydrogen evolution of the mag-
nesium coated with titanium dioxide is the 
lowest. When that result is compared to the 
hydrogen evolution of the bare alloys, the best 
corrosion resistance is expected from coated 
magnesium.
Fig. 6. AZ31 SEM image, film thickness and AZ31 EDS film thickness, 
a) Oxygen, b) Titanium, c) Aluminum, d) Magnesium.
Source: Authors.
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AZ31; AZ31 coated with TiO2.
Source: Authors.
From the previous results, the same conditions 
were selected to study the dip-coating method by 
using polypropylene discs as the substrate. Figs. 
8(a)-(c) show the SEM images at different magni-
fication rates (x2,000 and x10,000) of the polypro-
pylene discs surface fully coated with the TiO2 par-
ticles using a water solution of TiO2 particles and 
a withdrawal speed of 3 mm/min. The figures 8b 
and 8c provide a closer view of the coating, showing 
the particles under the top of the layer. The poly-
propylene surface is no longer visible and is coated 
with the TiO2 595 particles. These results confirm 
the effectivity and versatility of the dip-coating 
method to cover surfaces for polymers.
Fig. 8. SEM images of polypropylene dip-coating in H2O 595 TiO2 sol 3 mm/min withdrawal speed, 
a) x2,000 magnification rate, b) x10,000 magnification rate, c) x20,000 magnification rate.
Source: Authors.
 SEM images have shown the improvement of the 
coating when the H2O concentration in the sol in-
creased. Another important parameter is the with-
drawal speed during the dip-coating process, which 
was found to be better at a speed of 3 mm/min. 
Hydrogen evolution in the acid solution showed that 
coated ASTM B107 AZ31B has 20 times less hydro-
gen production during the corrosion test.
Additional tests are required to conclude about 
the corrosion resistance in a physiological environ-
ment (pH 7.3–7.5) using a simulated body fluid im-
mersion to obtain the results. 
Polypropylene discs were also coated with TiO2 by 
the dip-coating technique, demonstrating that the 
coating parameters found for coatings with TiO2 595 
particles on magnesium can be successfully used in 
other types of materials.
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